Empirical evidence for between-trait correlation in £uctuating asymmetry (FA) at the individual level is generally lacking or contradictory. Yet the assumption of organism-wide asymmetry, estimated by the asymmetry of any given trait, is inherent to most studies that use FA as a measure of developmental stability (DS). A commonly assumed reason for this weak between-trait correlation is the low repeatability of individual, single-trait asymmetry. In this paper we describe high repeatability and signi¢cant between-trait correlation in population-and individual-level FA in ¢ve afrotropical bird species inhabiting a fragmented cloud forest. Absence of anti-symmetry and of between-trait correlation in signed FA levels permits us to translate the observed patterns into the presumed underlying DS, using the concept of hypothetical repeatability. This correction, which has not been applied before in this context, proved adequate as it yielded correlations comparable to those found at the population level.
INTRODUCTION
Fluctuating asymmetry (FA), i.e. random deviations from perfect symmetry in bilaterally paired traits (Van Valen 1962) , has been shown to increase with environmental and/or genetic stress (Palmer & Strobeck 1986 ; but see e.g. Fowler & Whitlock 1994 ) and may be related to individual ¢tness and quality (MÖller 1990; Thornhill 1992 ; but see Clarke 1998a). For single-trait FA to be a useful measure of stress or quality, however, individualand population-level FA should be correlated between di¡erent traits. The existence of a population asymmetry parameter has been supported by several studies (see Clarke (1998b) and references therein) although patterns remain equivocal. In contrast, between-trait concordance of FA at the individual level (providing a measure of organism-wide asymmetry; Evans et al. 1995) is generally weak or absent, even for traits that are correlated developmentally (Clarke et al. 1992; Leamy 1993; Clarke 1998b) . Nevertheless, the presence of an individual asymmetry parameter is generally assumed in evolutionary models of FA (e.g. Dufour & Weatherhead 1996) .
The overall failure to detect between-trait correlations in individual-level FA may be due to trait-speci¢c timing during ontogeny when environmental perturbations can cause aberrant phenotypes (Clarke 1995) . If so, developmental noise acting randomly on individual traits cannot be expected to cause concordance at the individual level, independently of whether the genetic basis of stability is genome wide or character dependent (Clarke 1998b) .
Alternatively, detection failure may be mainly a consequence of low repeatability of FA at the individual level (as opposed to population-level FA), resulting from high sampling variability in estimating individual FA (Whitlock 1996) or proportionally large measurement error (Van Dongen 1998a). Low repeatability results in poor estimates of the presumed underlying developmental stability (DS) and, thus, in a downward bias of betweentrait correlations (Whitlock 1996) . However, it is possible to correct for this bias by applying hypothetical repeatability, de¢ned as the ratio of the between-individual component of variation in the unsigned FA divided by the total variance (Whitlock 1996; Van Dongen 1998a) . Such a correction is needed when examining whether FA and/or DS of di¡erent traits are expected to correlate, i.e. whether single-trait FA may re£ect overall quality at the individual level.
We applied the concept of hypothetical repeatability to translate patterns of between-trait correlation in FA into patterns of DS in ¢ve bird species inhabiting a severely fragmented cloud forest in south-east Kenya. Elsewhere we have shown that population-level FA in tarsus length sharply increased with decreasing forest fragment quality for a suite of forest-restricted bird species (L. Lens, S. van Dongen, C. M. Wilder, T. M. Brooks and E. Matthysen, unpublished data) . We concluded that the e¤ciency of DS mechanisms had been reduced in relation to exposure to systemic stress and that repeated measurement of accurately measurable traits could provide an early warning system for monitoring stress e¡ects (see also Manning & Chamberlain 1994; Badyaev 1998) . In this paper we measure a series of additional feather traits and analyse patterns of between-trait correlation in signed and unsigned FA at the population and individual levels.
METHODS

(a) Study site and species
Fieldwork was conducted between July 1996 and July 1998 in the Taita Hills, south-east Kenya (038 20 H S, 38815 H E and maximum altitude 2209 m). Forest fragmentation and degradation since the 1960s has been substantial, resulting in a conversion of the indigenous forest block to a scatter of 12 remnants, eight of which are smaller than 5 ha (details in Beentje 1987; Brooks et al. 1998) . The three larger fragments di¡er considerably in quality (Wilder et al. 1999) . The least disturbed fragment (Mbololo, 20 ha) has more biomass, higher stem densities, more tree species, higher diversity, higher equitability, greater canopy cover, more open shrub layer, higher leaf litter cover and less herbaceous cover than the intermediate (Ngangao, 92 ha) and most disturbed ones (Chawia, 50 ha).
We measured morphometrical traits on the following forestrestricted bird species that were captured by passive mist netting (no use of tape luring or arti¢cial feeders): Taita thrush (Turdus helleri, n 113), Taita white eye (Zosterops silvanus, n 142), white-starred robin (Pogonocichla stellata, n 312), stripe-cheeked greenbul (Andropadus milanjensis, n 136) and olive sunbird (Nectarinia olivacea, n 309).
(b) FA measurement
Four ringers made two repeated and independent measurements (sequence left^right^left^right or right^left^right^left) of either side of a series of bilaterally paired traits. Each processed birds in all fragments and was unaware of the hypotheses tested. Tarsus length (TL; fully-grown at £edging) was measured for every species, from the notch on the back of the intertarsal joint to the point obtained by bending the toes to an angle of 908 to the tarsus (Svensson 1992) . Species-speci¢c feather traits (fullygrown after ¢rst full moult) were chosen primarily on the basis of accuracy of measurement. Rectrices were measured with a specially designed ruler to the nearest 1mm and the other traits were measured with slide callipers to the nearest 0.1mm. Whereas tarsus length was taken on each captured individual, feather traits were measured on a random subsample, since we tried to minimize stress to the birds by restricting their handling time and the ru¥ed plumage of a small number of individuals caused by extraction from the nets did not allow accurate measurements. As a result, sample sizes vary among analyses.
(c) FA analysis
We carried out mixed regression analysis with restricted maximum likelihood (REML) parameter estimation to separate real asymmetry (signed FA; left minus right trait length) from measurement error (ME) (Van Dongen et al. 1999) . The signi¢-cance of FA was obtained from a likelihood ratio test while directional asymmetry was tested by an F-test, adjusting the denominator degrees of freedom by Satterthwaite's procedure (Van Dongen et al. 1999) . We inspected the distribution of the signed and unsigned FA (the magnitude of the signed FA) and calculated the hypothetical repeatability R 17(((V FA + V ME ) Â (%72)/%)/V jFAj ), whereby V FA , V jFAj and V ME are the variances of the signed and unsigned FA and measurement error (Van Dongen 1998a). High hypothetical repeatability indicates high between-individual heterogeneity in the underlying DS, causing a leptocurtic distribution of the signed FA. To translate correlations in unsigned FA into correlations in the presumed underlying DS, we divided each correlation coe¤cient by the square root of the product of the hypothetical repeatabilities of the corresponding traits (Whitlock 1998) .
Leptocurtically distributed FA values, however, might also be indicative of the presence of anti-symmetrical individuals in the population (Palmer & Strobeck 1992; Van Dongen 1998b) . As anti-symmetry can have a genetic basis, it does not necessarily re£ect DS (Palmer & Strobeck 1992; Palmer 1994 ; but see Graham et al. 1993) . Whereas FA and anti-symmetry cannot be separated statistically with high power, they can be distinguished reliably through visual inspection of scatter plots depicting between-trait correlation in unsigned FA (see Rowe et al. (1997) for a comparable approach).
(d) Analysis of between-trait correlations in FA
Between-fragment heterogeneity in average unsigned FA was tested with Levene's test, a one-way ANOVA with unsigned FA as the dependent variable and fragment as the factor. This test is insensitive to departure from normality (Palmer & Strobeck 1992) and was applied because the signed FA showed a leptocurtic distribution (see below). Due to the small number of fragments (three) we could not use standard correlation techniques to assess the population-level association between character asymmetries (the highest exact p-value for Spearman's rank correlation coe¤cient estimates based on three observations is 0.17; one-tailed). Instead we applied a random e¡ects model and calculated the intraclass correlation coe¤cient r as the ratio of the between-fragment component to the total variance in unsigned FA (see Lessells & Boag 1987) , after correcting for species and trait e¡ects. We further tested whether this correlation di¡ered between species using a heterogeneous variance structure (Littell et al. 1996) . Average unsigned FA values were log transformed to obtain approximate normality.
To examine whether trait asymmetries were correlated at the individual level, we calculated unbiased individual FA estimates (i.e. deviations of the random slopes from the ¢xed e¡ects slope in the mixed regression model; Van Dongen et al. 1999) and estimated individual-level association with Pearson's correlation coe¤cients. As the unsigned FA values were not normally distributed, we applied the bootstrap by resampling individuals with replacement (1000 resamples) to construct con¢dence intervals (percentile method; Efron & Tibshirani 1993) . This approach was preferred over non-parametric correlation techniques, since the application of hypothetical repeatability, as a means of correcting downward biases in between-trait correlations, has been designed for parametric correlation coe¤cients.
RESULTS
(a) Mixed regression analysis
The distribution of the signed FA showed no directional component and deviated signi¢cantly from normality (see Shapiro^Wilks statistic, W, all p 5 0.0003) (table 1). The leptocurtic distribution (high kurtosis, K) indicated a high repeatability, R (Van Dongen 1998a,b). The signed FA (V FA ) was several orders of magnitude larger than the measurement error (V ME ) (table 1) and was highly signi¢cant for all trait^species combinations (likelihood ratio tests comparing REML of mixed models with and without random side-e¡ects, all p 5 0.001).
(b) Population-level asymmetry
Average unsigned FA values were highly heterogeneous between fragments (¢gure 1; Levene's tests, all p 5 0.005). Visual inspection of ¢gure 1 indicates that the FA pattern was highly comparable for all traits in the ¢ve species. To measure the association between trait asymmetries, we applied a statistical model with average unsigned FA as the dependent variable (log transformed) and fragment, species and trait as random factors (likelihood ratio tests: fragment 1 (table 2) . Correlations between tarsus length and feather dimensions (mean r 0.34) were thereby of the same magnitude as those between two dimensions of the same trait (i.e. width and height of the eye ring of Taita white eyes and pre-ocular spot of white-starred robins; mean r 0.29). Visual inspection of the overall between-trait relationship in unsigned FA (¢gure 2) showed that most observations were located in the lower left corner and close to the xand y-axes of the graphs. This was in the direction expected, since FA is typically characterized by a large proportion of symmetrical individuals (Whitlock 1996; Rowe et al. 1997) . In contrast, anti-symmetry would have yielded patterns with a high proportion of observations in the upper right corner, referring to cases where the levels of asymmetry are large in both traits.
No signi¢cant between-trait correlation was found for the individual signed FA levels (table 2). The absence of such a correlation allowed us to translate the betweentrait correlations in the unsigned FA into correlations in the presumed underlying DS (Whitlock 1998 ; see table 1 for trait-speci¢c R-values). The resulting between-trait correlations in DS were high (table 2) and the average value (r 0.70) closely resembled the between-trait correlation in FA at the population level, estimated by the intraclass correlation coe¤cient (r 0.76; see above).
DISCUSSION
Populations with the highest levels of unsigned FA in one trait were also more asymmetrical in other traits. Similarly, unsigned FA levels of di¡erent traits were significantly correlated between individuals, even for traits that developed at di¡erent ages (tarsus versus feather traits). In contrast, no between-trait association was found for the signed FA values, providing evidence that the traits developed independently during ontogeny. This is important, since some traits may have been correlated developmentally (e.g. height and width of eye rings and pre-ocular spots) and correlations between the signed FA levels could hamper the interpretation of between-trait correlations in unsigned FA (Leamy et al. 1997) . In particular, the absence Organism-wide asymmetry in afrotropical birds L. Lens and S. van Dongen 1057
Proc. R. Soc. Lond. B (1999) of between-trait correlation in signed FA allowed us to translate the observed correlations into patterns of the presumed underlying DS. Unlike between-trait correlations in individual FA, population-level correlates are unbiased and, thus, re£ect patterns in DS as well. The close resemblance between individual-(mean r 0.70) and population-level correlation in DS (r 0.76) hence con¢rms that the use of hypothetical repeatability adequately corrected for sampling and measurement error of individual, single-trait FA estimation. Apart from laboratory studies on developmentally related traits Leamy & Atchley 1984; Leamy 1993 ) and a recent ¢eld study on traits located in di¡erent body regions (Dufour & Weatherhead 1996) , the vast majority of studies have failed to detect individuallevel concordance in unsigned FA (see Palmer & Strobeck 1986; Leamy 1993; MÖller & Swaddle 1997) . In view of this, how can we explain the signi¢cant patterns found in this study? FA estimates stemmed from a statistical model that tests for non-zero directional asymmetry and heterogeneity in FA and ME among samples (Van Dongen et al. 1999) . Such a procedure generates unbiased estimates of individual FA levels, which is a ¢rst prerequisite for detecting between-trait correlations. Second, the estimated levels of hypothetical repeatability measured were high, with 10 out of 13 values ranging between 0.47 and 0.56 (R max 0.637; Whitlock 1998). High repeatability is assumed to be a second prerequisite for detecting betweentrait correlation in individual FA levels. Whereas most individual-level studies do not present R-values, Dufour & Weatherhead (1996) did ¢nd low levels (mean R 0.16 and range 0^0.44 as calculated from their table 2) and, indeed, weak between-trait correlations in individual FA. A third possibility for di¡erences between studies is that Laboratory experiments (e.g. temperature tests; Parsons 1992) predict that only extreme stressors, which are to be expected in marginal or disturbed environments, can increase FA under ¢eld conditions. Yet, the extent to which FA can be expected to re£ect exposure to stress may largely depend on which trait is chosen for analysis. In particular,`appropriate' traits should have a functional basis for symmetry and be able to withstand minor £uctuations in symmetry without concomitant signi¢cant losses in individual ¢tness (Clarke 1995) . Between-trait correlation in FA, as demonstrated in this paper, permits the selection of traits largely based on rapidly veri¢able properties such as high repeatability and ease of measurement. The resulting gain in time can be crucial, particularly when dealing with critically endangered organisms. As FA values from di¡erent species and traits were pooled, the data are not statistically independent. Therefore no signi¢cance tests were performed.
